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a b s t r a c t
Multilayer ﬁlms comprising polystyrene (PS)/polymethyl methalcrylate (PMMA) and PS/polycaprolatone
(PCL) alternating nanolayers with varied layer thickness were fabricated by multilayer coextrusion. The
nanolayers breakup phenomena of PMMA and PCL were characterized using atomic force microscopy
(AFM), oxygen permeability, light transmission, wide-angle X-ray scattering (WAXS), and differential
scanning calorimetry (DSC). The continuous layers started to break up into nanosheets and nanodroplets
during the coextrusion process when the nominal layer thickness decreased to between 30 nm and
40 nm. Further decrease of the nominal layer thickness of PMMA and PCL resulted in less nanosheets and
more nanodroplets. Oxygen permeability was effective for characterizing the onset thickness of layer
breakup. The oxygen permeability for the PS/PCL system was modeled and demonstrated good corre-
lation with estimated composition of continuous layers, nanosheets, and nanodroplets.
1. Introduction
Forced assembly by multilayer coextrusion was proven by Dow
Chemical to be a reliable technique for producing nanolayers and
microlayers in a continuous process [1]. The past two decades
witnessed the rapid development of multilayer coextrusion which
evolved from uniform layers to gradient layers, from one-
dimensional structure to two-dimensional structure and from
two-component systems to more complex systems [2]. The nano/
microlayered ﬁlms demonstrated highly tunable gas barrier [3],
mechanical [4], optical [5,6] and electrical [7,8] properties arising
from scaling and layer-layer interaction.
For many polymer multilayer systems, there existed a layer
thickness below which the polymer layers lost their integrity. In
these cases, the polymer layers break and transform into nano-
sheets and nanodroplets, similar to the dewetting phenomenon
observed in thin ﬁlms [9,10]. Such nanostructures were observed
on several polymer pairs (polypropylene (PP)/polyethylene oxide
(PEO) [11], polycarbonate (PC)/polyethylene terephthalate (PET)
[12], PP/polystyrene (PS) [13] or PS/polymethyl methacrylate
(PMMA) [14]). As such, the critical layer thickness was deﬁned in a
recent work by Sollogoub et al. as the smallest continuous layer
observed in a given multilayer system, where they systematically
studied the breakup behavior of nanolayers during coextrusion
process of PS/PMMA [10,14]. They observed that this critical layer
thickness was close to 7 nm for polystyrene and 10 nm for PMMA
regardless of the processing route; suggesting it depends only on
material parameters. It was speculated this critical layer thickness
is due to small interfacial perturbations that are ampliﬁed by van
der Waals disjoining forces that become dominant over stabilizing
interfacial tension forces for thicknesses on the order of 10 nm.
In 2005, Baer et al. beneﬁted from layer break-ups in nano-
layered ﬁlms to develop nanodroplets as polymer blends mor-
phologies [12e14]. The nanolayered ﬁlms were prepared from
coextrusion and then thermally treated at high temperature. Even
though the multilayer ﬁlms had stable morphology at room tem-
perature, the nanolayers were unstable at high temperature. The
polymer nanodroplets were generated from the breakup and coa-
lescence of nanolayers during thermal treatment. High density
polyethylene and polypropylene were both made into well-
dispersed nanodroplets in a PS matrix using this approach
[15,16]. It was discovered that the size of the nanodroplets could be* Corresponding author.
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controlled by changing the layer thickness of ﬁlms before thermal
treatment [15,17]. Thermal treatment of thicker ﬁlms yielded larger
nanodroplets and thinner ﬁlms produced smaller nanodroplets.
In this paper, the possibility of using a macroscopic analysis
technique, oxygen permeability measurement, to track breakup
phenomenon of polymer nanolayers was investigated, using two
different multilayer systems: glassy/glassy (PS/PMMA) and glassy/
semi-crystalline (PS/polycaprolactone (PCL)). The multilayer com-
posite ﬁlms with different nominal layer thicknesses were pre-
pared by varying the layer number and polymer compositions.
When the layer thickness was lower than the thickness at which
the layers start to break (onset thickness for layer break-up)
nanosheets and nanodroplets were directly formed during the
coextrusion process (as opposed to the nanodroplets formerly
produced from the annealing of continuous multilayer ﬁlms
[16,17,21]). Oxygen permeability and light transparency of the
composite ﬁlms were performed on the extruded ﬁlms and
revealed the layer breakups in both systems. Coupling these mea-
surements with an in-depth morphological analysis of the PCL (via
AFM, Wide-angle X-ray scattering, Differential Scanning Calorim-
etry and optical light transmission), we showed that it was possible
to model the effective oxygen permeability of PCL to quantitatively
obtain the ratio of nanosheets and nanolayers in the PS/PCL ﬁlms.
2. Materials and methods
2.1. Materials
The polystyrene (PS) used in this study was supplied by Amer-
icas Styrenics LLC (MC3650). It had a glass transition temperature of
95 C and melt ﬂow index of 13.0 g/10min measured at 200 C
under a load of 5 kg. The poly (methyl methacrylate) (PMMA) was a
poly (methyl methacrylate-co-ethyl acrylate) which contained 5%e
10% ethyl acrylate to prevent depolymerization during extrusion,
purchased from Arkema (Plexiglas VS). The glass transition tem-
perature (Tg) of the PMMA was measured as 95 C (due to the
presence of ethyl acrylate in the PMMA) and its melt ﬂow indexwas
27.0 g/10min measured at 230 C/3.8 kg. The polycaprolactone
(PCL) was acquired from Perstorp (CAPA 6800). Its melting tem-
perature, glass transition temperature, and crystallization temper-
ature respectively were measured as 58 C, 60 C, and 35 C. The
melt ﬂow index of PCL was 2.4 g/10minmeasured at 160 C under a
load of 2.16 kg. The materials' information is shown in Table 1.
The melt viscosity of PS, PMMA and PCL was determined as a
function of temperature using a Kayeness Galaxy 1 melt ﬂow
indexer at a shear rate of 10 s1. The extrusion temperature was
selected to ensure the polymeric material's rheological compati-
bility for extrusion and to maximize layer uniformity. Before the
coextrusion process, the PMMA was dried in a vacuum oven for
24 h at 80 C. The PCLwas dried for 48 h at 40 C. Filmswith 513 and
2049 alternating PS/PMMA and PS/PCL layers were produced
through continuous coextrusion process [23,24]. The composition
of the ﬁlms in volume was changed to vary the individual layer
thickness. The extruder and layer multiplication elements were
200 C and the 14-inch exit die temperature was 190 C. The takeoff
temperature of the chill roll was 60 C. A sacriﬁcial polyethylene
skin layer was coextruded with the PS/PMMA, PS/PCL multilayers.
The skin layer was peeled off before characterization. Other pa-
rameters of the coextrusion process were identical to previous
setups.
2.2. Atomic force microscopy
The extrusion direction morphologies of the as-extruded ﬁlms
were characterized by atomic forcemicroscopy (AFM). The ﬁlmwas
embedded in epoxy (Loctite Heavy Duty Epoxy, Loctite Inc.) and
cured at room temperature for 24 h. The ﬁlm cross-sections were
prepared perpendicular to the extrusion direction at 100 C (for
PS/PCL system) and 80 C (for PS/PMMA system) by an ultrami-
crotome equipped with a cryogenic chamber (Leica EM UC7, Leica
Microsystems). The height variance of the samples after micro-
toming was controlled to be less than 30 nm. The AFM images were
acquired at room temperature in air with a scanning probe mi-
croscope (Nanoscope IIIa, Digital Instruments, Santa Barbara, CA)
operated in the tapping mode. A rectangular type silicon tapping
mode probe was used to record height and phase images simul-
taneously. The tip radius was 10 nm and the spring constant was
50 N/m with a resonance frequency of around 320 kHz. To acquire
high-quality images of the layered morphology and to capture the
breakup behavior of the PMMA layers, a low scan rate was used for
AFM. The number of layers, nanosheets, and nanodroplets were
counted from at least three AFM scans with a size of 10 mm by
10 mm. The areas for imaging were randomly selected from the
cross-section. If the layers were continuous throughout the 10 mm
image, the layer was deﬁned as a continuous layer. Otherwise, the
layer was deﬁned as a breakup layer.
2.3. Oxygen permeability
Oxygen ﬂux J(t) at 0% relative humidity, 1 atm, and 23 C was
measured with a MOCON OX-TRAN 2/20. Permeability was calcu-
lated from the steady ﬂux J0 according to Equation (1).
PðO2Þ ¼ J0l=Dp (1)
where Dp is the oxygen pressure drop and l is the ﬁlm thickness.
The permeability values in this work were reported in Barrer. One
Barrer is equivalent to 1010 (cm3 O2) cm cm2 s1 cmHg1.
Oxygen permeability of the ﬁlm was affected by both polymer
phases. For example, in the case of the PS/PCL system, the effective
PCL permeability could be calculated using Equation (2) as follows,
Film Permeability ¼

VPCL
PPCL
þ VPS
PPS
1
(2)
where VPCL and VPS were the volume fraction of PCL and PS in the
ﬁlm.
Similarly, the effective PCL permeability consisted of the
permeability of the PCL layers, nanosheets, and nanodroplets as
shown in Equation (3). Themodeling of oxygenpermeability will be
discussed later in this paper.
PPCL ¼
VPCL Layers
PPCL Layers
þ VPCL Sheets
PPCL Sheets
þ VPCL Droplets
PPCL Droplets
!1
(3)
where VPCL Layers and VPCL Sheets and VPCL Droplets were the volume
fraction of PCL layers, nanosheets, and nanodroplets.
Table 1
Properties of materials for coextrusion process.
Materials Trade Name Tm Tg Tc Density Refractive Index
(C) (C) (C) (g/cm3)
PS AmSty MC3650 e 95 e 1.04 1.58
PMMA Arkema Plexiglas VS e 95 e 1.18 1.49
PCL Perstorp CAPA 6800 58 60 35 1.14 1.48
2.4. Optical transmission
The transparency of the as-extruded ﬁlms at varied wavelengths
was measured using a UV/Visible spectrometer (Lambda 1050) in
transmission mode. Details of light transmission measurement
setup was discussed in the previous paper [25]. The sacriﬁcial skin
layer was peeled off before the sample was measured with the UV/
Visible spectrometer.
2.5. Wide-angle X-ray scattering
The wide-angle X-ray scattering (WAXS) system setup has been
presented in details in a previous publication [26]. Brieﬂy, it con-
sisted in an X-ray generator (sealed-tube, ﬁne point Cu Ka ﬁltered
source operating at 30 kV and 30mA, l¼ 1.54Å), a computer-
controlled wide-angle goniometer, and an imaging plate as a de-
tector. The X-ray beam was aligned in extrusion direction of the
samples. The samples were prepared from a stack of up to 10 ﬁlms.
The exposure time in the X-ray beamwas 12 h for each sample. The
WAXS patterns were collected by an imaging ﬁlm which was read
from an image plate reader (Fujiﬁlm FDL5000).
2.6. Differential scanning calorimetry
The heating thermograms were recorded by a differential
scanning calorimeter (TA Q2000 TA Instruments Inc., New Castle,
DE). The as-extruded ﬁlms were dried in a desiccator at room
temperature for 48 h before DSC measurement. The specimens
were prepared by loading 4e8mg of the as-extruded ﬁlms into
aluminum pans. The temperature range was 10 C to 90 C. The
heating rate was 10 C/minute.
3. Results and discussion
Fig. 1 showed the morphology of as-extruded PS/PMMA ﬁlms.
The PS phase was the dark color phase and the PMMA one the light
color one in AFM phase images, as identiﬁed with varying PS/
PMMA proportions in the ﬁlms. Both PS and PMMA were contin-
uous layers when the nominal layer thickness was 60 nm. At 20 nm
nominal layer thickness, about half of the layers remain continuous
as shown in the AFM images. Some PMMA layers broke up into
elongated nanosheets which were parallel to the continuous layers.
The rest of the layers broke up into nanodroplets. The nanodroplets
were less elongated and had lower aspect ratios compared with the
nanosheets. The fact that some layers broke up while others
remained continuous was due to the variation in single layer
thickness of the alternating layers during the multilayer coex-
trusion process. The minimum thickness for continuous layers was
observed to be 20 nm. In addition, it was observed that the thick-
ness of the continuous layers varied at different locations. The
unstable continuous layers were precursors of pending breakup
and would ﬁnally break into nanosheets when the layer thickness
was further decreased. At 10 nm nominal layer thickness, as shown
in Fig. 1c, more layers broke up into nanosheets and more nano-
droplets were observed. At 5 nm nominal layer thickness shown in
Fig. 1d, no continuous layers existed across the ﬁlm. It was evident,
based on AFM morphology, that the nanosheets and nanodroplets
were still aligned in the layer direction, even when some of the
nanodroplets coalesced into larger droplets.
Fig. 2 illustrated the morphology of as-extruded PS/PCL ﬁlms. In
this system, since PS was the material with higher modulus, it
showed as the light color phase and PCL showed as the dark color
phase. The breakup behavior of the PS/PCL system was similar to
that of the PS/PMMA system. As layer thickness decreased, the
nanolayers experienced a gradual breakup process. The critical
layer thickness (as deﬁned by Sollogoub et al. [14]) for PMMA in the
PS/PMMA system and PCL in the PS/PCL systemwas close to 20 nm,
which is similar (though a bit higher) thanwhat has been observed
in the paper [14].
The sizes of the nanodroplets observed in Figs. 1d and 2d were
collected from a series of AFM phase images for each sample. The
difference between nanosheets and nanodroplets was set by their
aspect ratios. The broken layers that have an aspect ratio larger than
10:1 were deﬁned as nanosheets. The broken layers that have an
aspect ratio smaller than 10:1 were deﬁned as nanodroplets. By this
deﬁnition, the statistics for the nanodroplets size and size distri-
bution were collected and demonstrated in Fig. 3. As shown in
Fig. 3, the PMMA nanodroplets had a mean droplet size of around
100 nm and PCL nanodroplets had a mean droplet diameter of
around 150 nm. The slight difference in droplet size distribution
could be explained by the material properties. PMMA is a glassy
polymer with a glass transition temperature of 95 C. PCL is a semi-
crystalline polymer with a crystallization temperature of 35 C. It
could be expected that the layer breakup process took place during
the polymer ﬂow as it exited the ﬁlm die. The coalescence of the
nanodroplets took place during the cooling of the polymer ﬁlms
after breaking up. Comparedwith PCL, the PMMAnanodroplets had
less time to coalesce because of its high Tg, and therefore have
smaller sized droplets.
Oxygen permeability for PS/PMMA and PS/PCL ﬁlms was
measured in order to predict the breakup behavior. The effective
PMMA oxygen permeability was plotted against the PMMA nomi-
nal thickness as shown in Fig. 4. The nominal thickness was
calculated from total ﬁlm thickness, number of layers and compo-
sition. For continuous layers, the nominal thickness reﬂected
quantitatively the measured layer thickness of PMMA layers. In the
breakup layers, we used the nominal thickness of PMMA implied
prior to breakup. The effective PMMA oxygen permeability was
calculated on the basis of series model which assumes that the PS
layers and PMMA layers were both continuous and parallel. Thus,
for the amorphous-amorphous PS/PMMAmultilayer systemwhose
oxygen permeability was constant with changing layer thickness,
the effective PMMA oxygen permeability was supposed to be
constant as well. It remained constant until the nominal layer
thickness decreased to 30 nm. However, due to layer breakup
phenomenon, the effective PMMA oxygen permeability decreased
when the nominal layer thickness decreased below the critical
layer thickness of PMMA prior to layer breakup. The PMMA nano-
sheets and nanodroplets did not provide an oxygen barrier as
effectively as the continuous layers. As a result, the effective PMMA
oxygen permeability was higher when layers broke up. The differ-
ence between the effective PMMA oxygen permeability at 30 nm
nominal thickness and that of neat PMMA ﬁlms was close to 20%.
Then, since the PMMA nanodroplets had higher oxygen perme-
ability than the PMMA nanosheets, the effective PMMA oxygen
permeability increased gradually with the decrease of PMMA
nominal layer thickness. As shown in Fig. 4, the effective PMMA
oxygen permeability kept increasing as more layers broke up and
more nanosheets coalesced into nanodroplets. The effective PMMA
oxygen permeability increased to six times the oxygen permeability
of PMMA neat ﬁlms when the PMMA consisted mainly of
nanodroplets.
The effective PCL oxygen permeability was plotted in Fig. 5. The
change of effective PCL oxygen permeability was different from and
more complicated than the PMMA oxygen permeability in the PS/
PMMA system. The PCL permeability of 20,000 nm represents the
permeability of neat PCL ﬁlms showing an oxygen permeability of
1.0 Barrer. The oxygen permeability decreased with the decrease of
the PCL layer thickness due to the effect of conﬁned crystallization.
The crystal morphology of PCL changed from spherulites to stacked
lamellae when the thickness was decreased to around 1 mm [23].
The oxygen permeability continued to decrease with the decrease
of nominal thickness due to the decrease in the number of lamellar
layers in the PCL phase. Therefore, oxygen molecules took a more
tortuous path when traveling through layers of PCL lamellae. This
result coincided with the conﬁned crystallization theory discussed
in a previous paper [23]. The PCL oxygen permeability reached its
minimum when the layer thickness was in the range of
40 nme100 nm and having a permeability of 0.010 Barrer. The ox-
ygen permeability of PS remained constant with varying layer
thickness at 2.2 Barrer. PS contribution to the oxygen barrier
properties was insigniﬁcant when the PCL was in lamellar
morphology. When the PCL layer thickness was below 30 nm, the
oxygen permeability increased signiﬁcantly indicating layer
breakup. The threshold of layer breakup could be identiﬁed as the
nominal layer thickness where the PCL oxygen permeability started
to increase and in this case that was 30 nm. The oxygen perme-
ability continued to increase as more and more PCL broke up into
nanosheets and nanodroplets. The PCL nanosheets and nano-
droplets did not provide as good an oxygen barrier as continuous
layers because of two factors. The ﬁrst was the physical breakup of
layers which enabled oxygen molecules to pass through easily. The
second factor was crystallinity (decreased crystallinity and
modiﬁed orientation). The nanosheets and nanodroplets had much
higher oxygen permeability than the more crystalline PCL contin-
uous Nevertheless, the ﬁlms containing mostly nanodroplets and
nanosheets still had superior oxygen barrier properties than PCL
control ﬁlms. We found that this was the case when the nano-
droplets and nanosheets were elongated perpendicular to the
extrusion direction as well as having lamellar crystalline structure
perpendicular to the ﬁlm surface. It could be predicted that the
elongated nanosheets had lower oxygen permeability than spher-
ical nanodroplets since the nanosheets had larger aspect ratios
working as platelet ﬁllers to bar oxygen molecules.
The oxygen permeability measurement was combined with the
AFM morphological study to generate a model to calculate the
number of continuous layers, nanosheets, and nanodroplets. The
contribution of each of the three components was taken into
consideration when calculating the overall effective PCL perme-
ability. The number of continuous layers, nanosheets, and nano-
droplets was obtained from statistics derived from AFM images as
shown in Table 2. With 60 nm PCL nominal thickness, the PCL phase
was all continuous layers. With 3 nm and 5 nm nominal PCL
thicknesses, the samples contained only nanosheets and nano-
droplets and no continuous layer was observed. The ﬁlms with
thickness in between contained all three morphologies according
Fig. 1. Extruded-direction AFM phase morphologies of 513 layer PS/PMMA as-extruded ﬁlms. The light color phase in the ﬁgure is PMMA and the dark color phase is PS. (a)
Composition: 50% PMMA, 50% PS, nominal PMMA layer thickness¼ 60 nm; (b) Composition: 20% PMMA, 80% PS, nominal PMMA layer thickness¼ 20 nm; (c) Composition: 10%
PMMA, 90% PS, nominal PMMA layer thickness¼ 10 nm; (d) Composition: 5% PMMA, 95% PS, nominal PMMA layer thickness¼ 5 nm. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the Web version of this article.)
to AFM phase images shown in Fig. 2. In Table 2, the total number of
discontinuous layers includes the addition of the amount of
nanosheets and nanodroplets. The minimum continuous layer
thickness was the thickness of the thinnest layer observed among
all AFM images.
The oxygen permeability of continuous PCL layers was
measured as 0.010 Barrer while the oxygen permeability of PCL
nanosheets and PCL nanodroplets is unknown. The eight data
Fig. 2. Extruded-direction AFM phase morphologies of 513 layer PS/PCL as-extruded ﬁlms. The light color phase in the ﬁgure is PS and the dark color phase is PCL. (a) Composition:
50% PCL, 50% PS, nominal PCL layer thickness¼ 60 nm; (b) Composition: 20% PCL, 80% PS, nominal PCL layer thickness¼ 20 nm; (c) Composition: 10% PCL, 90% PS, nominal PCL layer
thickness¼ 10 nm; (d) Composition: 5% PCL, 95% PS, nominal PCL layer thickness¼ 5 nm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the Web version of this article.)
Fig. 3. Size distribution of nanodroplets prepared from layer breakup. (a) Composition: 5% PMMA, 95% PS, nominal PMMA layer thickness¼ 5 nm; (b) Composition: 5% PCL, 95% PS,
nominal PCL layer thickness¼ 5 nm.
points in Table 2 were used to ﬁt oxygen permeability of PCL
nanosheets and PCL nanodroplets using equation (3). The result
showed that the oxygen permeability of PCL nanosheets was 0.090
Barrer and the oxygen permeability of PCL nanodroplets was 1.0
Barrer. The modeled effective oxygen permeability of PCL was
calculated using the ﬁtting results and plotted as shown in Fig. 6.
The oxygen permeability model demonstrated a good ﬁt over the
measured effective PCL oxygen permeability. As a result, the oxygen
permeability of the nanosheets and nanodroplets reﬂected that the
nanosheets were nine times higher in oxygen permeability
compared to continuous layers while the nanodroplets perme-
ability was similar to neat PCL ﬁlms in terms of oxygen barrier.
Fig. 7 illustrated the optical light transmission in the visible
wavelength range for as-extruded PS/PMMA and PS/PCL ﬁlms.
The light transmission was measured to investigate the domain
size of the nanosheets and nanodroplets. The PS/PMMA system
showed high transparency with thickness ranging from 5 to
30 nm. Since the refractive index contrast for PS (n¼ 1.58) and
PMMA (n¼ 1.49) was 0.09, the composite ﬁlms would show
visible light absorption when the PMMA domain size was larger
than 100 nm. However, the data in Fig. 7a showed high trans-
parency for visible light indicating that most of the PMMA do-
mains were smaller than 100 nm in diameter. This result was
consistent with the AFM image (Fig. 1) and the nanodroplet
statistics shown in Fig. 3a. In terms of the PS/PCL system, due to
the fact that PCL is a semicrystalline material, the PS/PCL com-
posite ﬁlms were translucent. The light scattering was caused by
the refractive index contrast between crystal and amorphous
domains of PCL. As shown in Fig. 7b, the transparency of the PS/
PCL system increased with the decrease of nominal PCL layer
thickness which implies that the light scattering of PCL was
reduced. Two factors contributed to the light scattering reduction
of the PCL phase. On the one hand, while breaking up from
continuous layers to nanosheets and nanodroplets, the PCL layers
lost its continuity and the light could pass through the ﬁlm
without being scattered by PCL. On the other hand, the crystal-
line domains in PCL nanodroplets were smaller and ﬁner than
Fig. 4. Effective PMMA oxygen permeability in PS/PMMA multilayer ﬁlms.
Fig. 5. Effective PCL oxygen permeability in PS/PCL multilayer ﬁlms.
Table 2
Modeling of PCL oxygen permeability. The number of continuous layers, nanosheets, and nanodroplets was calculated from statistics derived from AFM phase images.
PCL Nominal Layer Thickness (nm) Continuous Layers (%) Nanosheets (%) Nanodroplets (%) Total Discontinuous Layers (%) Minimum Continuous Layer Thickness (nm)
60 100 0 0 0 30
40 80 15 5 20 20
30 40 45 15 60 20
20 18 35 47 82 20
15 5 30 65 95 20
10 2 20 78 98 20
5 0 15 85 100 N/A
3 0 5 95 100 N/A
Fig. 6. Comparison of modeled PCL oxygen permeability and measure oxygen
permeability.
those in PCL continuous layers. The size decrease of PCL crystal
domains could give rise to increase of transparency due to
decrease of the number of scattering interfaces.
Fig. 8 presented the scattering pattern of as-extruded PS/PCL
ﬁlms in extrusion direction. Typical PCL crystals exhibit scattering
pattern with high intensity at 17 and 22 representing PCL (110)
and PCL (200). Fig. 8a showed the strong in-plane orientation of PCL
where the scattering patterns were condensed at 90 and 270
azimuth. This result was consistent with previous work by Ponting
et al. [23] PS/PCL ﬁlms containing nanosheets and nanodroplets
also demonstrated strong scattering patterns indicating that the
nanosheets and nanodroplets were crystalline and exhibited in-
Fig. 7. Visible light transmission of 513-layer PS/PMMA and PS/PCL ﬁlms. The composition was 80% PS and 20% PMMA or PCL. (a) PS/PMMA system; (b) PS/PCL system.
Fig. 8. Extrusion-direction wide-angle X-ray scattering pattern of 513 layer PS/PCL as-extruded ﬁlms. (a) Composition: 50% PCL, 50% PS, nominal PCL layer thickness¼ 60 nm; (b)
Composition: 20% PCL, 80% PS, nominal PCL layer thickness¼ 20 nm; (c) Composition: 10% PCL, 90% PS, nominal PCL layer thickness¼ 10 nm; (d) Composition: 50% PCL, 50% PS,
nominal PCL layer thickness¼ 5 nm.
plane orientation crystal structure.
Fig. 9 showed the azimuthal plot of WAXS data at 2q¼ 17
representing the crystal orientation of PCL (110). The sharpest peak
was the 60 nm samples with all continuous PCL layers. The PCL was
considered to have in-plane lamellae structure. With the decrease
of layer thickness, the relative intensity of peak versus background
decreased indicating a reduction in in-plane orientation. This result
implied that broken up PCL layers partially maintained in-plane
lamellae structure with a decrease of crystal orientation. We
compared nominal 10 nm ﬁlms with nominal 5 nm ﬁlms consisting
mostly of nanodroplets. Neither sample contained continuous
layers but the 10 nm ﬁlms demonstrated larger relative peak in-
tensity. One could postulate that the nanosheets had stronger in-
plane orientation than nanodroplets.
The azimuthal intensity distribution of PCL (110) reﬂection from
the WAXS pattern was analyzed to obtain the Hermans orientation
function after subtraction of the amorphous contribution [27]. The
orientation function f110 was calculated as
f110 ¼
3

cos2f110
 1
2
(4)
where
cos2f110 ¼
Z p=2
0
I110ðfÞcos2 f sin fdfZ p=2
0
I110ðfÞsin fdf
(5)
and I110(f) was the corrected scattering intensity of the PCL (110)
reﬂection at the azimuth f [23]. If the Hermans orientation function
is equal to 1, the polymer chains were perpendicular to the polymer
layers; if the Hermans orientation function is equal to 0, the PCL
had random orientation. The calculated values of PCL in PS/PCL
ﬁlms were shown in Table 3. For PS/PCL ﬁlms with 60 nm nominal
layer thickness, the Hermans orientation function is 0.8 which was
close to the value reported in the previous work [23]. It indicated
that the PCL layers had strong in-plan orientation. When the
nominal layer thickness was decreased to 20 nm, 10 nm, and 5 nm,
f110 decreased to 0.55, 0.22, and 0.12 respectively indicating weaker
orientation of PCL in nanosheets and nanodroplets. The ﬁlm with
5 nm nominal PCL layer remained some in-plane orientation due to
scattering of PCL chains in the elongated nanodroplets.
Fig. 10 presented the melting behavior of PCL in as-extruded
PS/PCL ﬁlms and the crystallinity calculation results were listed
in Table 3. The onset temperature of PCL melting was 40 C and
the peak temperature was 58 C which was constant with PCL
control ﬁlms. The crystallinity of PCL was calculated using
135.5 J/g as the enthalpy to melt PCL crystals [28]. The crystal-
linity of PCL control ﬁlms was measured to be 49%. The crystal-
linity of 60 nm PCL layers was much lower than the PCL control
ﬁlms due to the effect of conﬁned crystallization. The lamellar
PCL had lower crystallinity than the spherulitic PCL. The crys-
tallinity further decrease with the decrease of nominal PCL layer
thickness when PCL layers broke up into nanosheets and nano-
droplets. The reduction of crystallinity resulted from less nucle-
ation sites for heterogeneous nucleation crystallization in the PCL
nanosheets and nanodroplets. Combining the WAXS analysis
with the DSC analysis, the PCL nanosheets and nanodroplets
Fig. 9. Azimuthal plot of WAXS at 2q¼ 17 of 513 layer PS/PCL as-extruded ﬁlms.
Table 3
PCL melting temperature and crystallinity measured by DSC, and the Hermans orientation function of PCL f110 analyzed from the azimuthal intensity distribution in the WAXS
pattern.
PCL Nominal Thickness (nm) Tm (C) Normalized Enthalpy of PCL Melting (J/g) Crystallinity (%) f110
60 60 54± 5 40± 4 0.80
20 58 50± 5 37± 4 0.55
10 58 47± 5 35± 4 0.22
5 58 40± 4 30± 4 0.12
Fig. 10. DSC heating thermograms of 513 layer PS/PCL as-extruded ﬁlms. The heating
rate was 10 C/minute. The heat ﬂow was normalized to 100% PCL.
formed during coextrusion had lower crystallinity and reduced
in-plane orientation compared with PCL layers.
4. Conclusions
The breakup behavior of PMMA nanolayers in the PS/PMMA
system and PCL nanolayers in the PS/PCL multilayer ﬁlms had been
systematically studied. The onset for the appearance of breakups in
the layers was identiﬁed in both cases for nominal thicknesses of
30e40 nm. The cross-sectional AFM images showed that when the
nominal layer thicknesses below this value were targeted, some of
the continuous layers started to lose continuity and developed into
nanosheets. The number of continuous layers decreased and the
number of nanosheets and nanodroplets increased with decreasing
nominal layer thickness. As this process continued, the nanosheets
then coalesced into nanodroplets with a further decrease of nom-
inal layer thickness.
We also found that oxygen permeability was an effective
probe efﬁciently to characterize layer breakup behavior in both
semi-crystalline and glassy nanolayer systems. The threshold of
oxygen permeability increase indicated the onset for layer
breakup and traced the effect of nominal layer thickness on the
degree of breakup. In terms of the glassy/glassy PS/PMMA sys-
tem, the effective PMMA oxygen permeability remained constant
when both PS and PMMA layers were continuous. The effective
PMMA oxygen permeability started to increase when the layer
thickness was below the onset for breakup and kept increasing
until all PMMA layers broke up into nanosheets and nano-
droplets. In terms of the glassy/semi-crystalline PS/PCL system,
the evolution of the effective PCL oxygen permeability was more
complex. It decreased at ﬁrst due to conﬁned crystallization of
PCL with PS conﬁnement. The crystallization orientation of PCL
changed from spherulites to in-plane lamellae when the PCL
layers thickness reached 100 nm causing the improvement of
oxygen barrier properties. The oxygen permeability remained
constant when the morphology of the PCL layer changed from
stacked lamellae to single crystal lamellae. With the decrease of
the PCL layer thickness, the PCL layers started to breakup into
nanosheets and nanodroplets causing the increase in oxygen
permeability. The breakup phenomena of the two systems were
similar in terms of critical thickness and trend of increasing ox-
ygen permeability. The increased oxygen permeability of the PS/
PCL system during layer breakup was successfully modeled.
Combining oxygen permeability measurements and atomic force
microscopy, one could estimate and calculate the proportion of
continuous PCL layers, nanosheets and nanodroplets. Wide-angle
X-ray scattering and optical transmission could well predict the
crystal orientation and domain size in PCL nanosheets and
nanodroplets. The PCL nanodroplets were semicrystalline and
did not have strong orientation compared to PCL continuous
layers.
Layer breakup during the multilayer coextrusion process was
proven to be a promising technique to produce nanoscaled polymer
blends. Polymers could be selected from most polymer pairs
ranging from amorphousmaterials and semicrystallinematerials as
long as they were coextrudable and had low miscibility. The
nanodroplets of the minor phase were well dispersed in the poly-
mer matrix. And ﬁnally, the domain size of the nanodroplets or
nanoblends could be controlled by using different numbers of layer
multiplication elements and changing the composition of the
materials.
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